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PIP-11 / LBNF / DUNE

» Powerful proton beams (PIP-II)

— 1.2 MW upgradable to multi-MW to enable world’s most intense neutrino beam
» Dual-site detector facilities (LBNF)

— Deep underground cavern (1.5 km) of 70kt liquid argon fiducial volume

— Along baseline (1300 km)
* Deep Underground Neutrino Experiment (DUNE)

— Liquid Argon — the next-generation neutrino detector

1300 km
< >

South Dakota

Sanford

Underground
Research
Facility

Fermilab

————————
—————————
wwww

Chicago




PIP-Il Mission 95

PIP-Il will enable the world’s most intense beam of neutrinos to the international LBNF/DUNE
project, and a broad physics research program, powering new discoveries for decades to come.

PIP-Il linac capabilities PIP-Il Scope

800 MeV H- linac

« Warm Front End & SRF section
Linac-to-Booster transfer line

« 3-way beam split
Upgraded Booster

Beam Power
1.2 MW proton beam
* Upgradeable to multi-MW

Flexibility and multi-user

capability : o
- Compatible w/ CW- 20 Hz, 800 MeV injection
, * New injection area
operations

«  Customized beams Upgraded Recycler, Main Injector

« Multi-user delivery v B C ) Rl.: n bﬁth r.ilpgs incl
Reliability onven’qona acl |.t|es, Incl.
« Site preparation
« Cryoplant Building
The PIP-1l scope enables the accelerator complex to reach 1.2 MW proton . Linac Complex

Slide courtesy L. Merminga beam on LBNF target. - Booster Connection (\r\nplpm"
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PIP-ll Superconducting RF CW Linac, 800 MeV Consists of
Five Types of Cryomodules

Elliptical
I I . HB650 X 4
Elliptical iti
& Cryoplant = . I LBGEO 9 24 Cavities
. Single Spoke 36 Cavities
Single Spoke SSR2 X 7
SSR1 X2 35 Cavities
16 Cavities 325 MHz
HWR 325 MHz .
8 Cavities

162.5 MHz

H- lon

source
L e

ouf PIP-Il Linac is technically complex, state of
R the art superconducting RF accelerator

PIP-Il is the world’s highest energy and power CW proton linac, and the U.S. first accelerator

project to be built with major international contributions



The state-of-the-art PIP-ll Superconducting RF Systems

2021-22

Half Wave R t SingSIesg’TOke Single Spoke
alf Wave Resonator SSR2 Elliptical Ellipti
liptical
B=0.11 Q,=0.85x10""  (=0.22 Q,=0.82x1010 B=0.47 *Q, =0.82x10'0 L BG50 Hg%';;
v Performance validated v/ Testing in progress Dates: component built p=0.61"Q=2.4x10"" B=0.92 *Q, =3'3XM

*state-of-the-art performance requirement
8 8-Mar-2021 : PIP-I|
-Mar- S.K. Chandrasekaran | Introduction | 650 MHz LB CM PreProd PDR AV, V,V,V, V]
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650 MHz Scope & Partners
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650 MHz Scope

2.1 10.3 32 177 833

MeV MeV MeV MeV MeV

""""" I

LEBT & - HWR J. SSR1 J_ SSR2 LB650 || HB650 :l
B:O.ll B:O 22 B=0.47 I B=0.61 B=0'92 1

' d

Room Superconducting
G Tomperature ——— —¢S— i Frequency —
Technology Technology
Cryomodule Number @rototype +  Cavity Magnet Testing
gl foe) number  number
LB650 1 pre-production 4 0 Full test at CEA Integrated
9 production & Fermilab design
HB650 1 prototype 6 0 Full test at Integrated
4 production Fermilab design

 All but 1 cryomodule to undergo transatlantic transportation

+ Scope from design to delivery of qualified CMs to Linac reann

10 8-Mar-2021 S.K. Chandrasekaran | Introduction | 650 MHz LB CM PreProd PDR -\JUUU\J'



LB650 Hardware Scope

 LB650 — DOE and Partner contributions

ltem Quantity DOE DAE CEA INFN
Cryomodule 1 1
Instrumentation &
1 1
Valves
LB650 pre-prod CM | Jacketed Cavities 4 4 2 2 (bare)
(not installed in linac) Couplers 4 440 5
Tuners 4 4 + 1 2
Transport Frame 1 1
Cryomodule 9 9
Instrumentation & 9
9
Valves
LB650 CM1-9 Jacketed Cavities 36 4 36 +2
Couplers 36 36 +4
Tuners 36 36 + 4
Transport Frame 1 1
PIP-II

11 8-Mar-2021 S.K. Chandrasekaran | Introduction | 650 MHz LB CM PreProd PDR AV, V,V,V.V]



LB650 Partnerships

DRESSED CAVITY (caV|ty + coupler + tuner)

'\ /""\ INFN 2&Fermilab

@ BARC e

* India: Department of Atomlc Energy (DAE)
— Bhabha Atomic Research Center (BARC)
— Variable Energy Cyclotron Center (VECC)
« ltaly: Istituto Nazionale di Fisica Nucleare (INFN)
« USA: Fermi National Accelerator Laboratory (FNAL)

ﬁ 2= Fermilab

* France: Commissariat a I'énergie atomique, Saclay (CEA)
« USA: Fermi National Accelerator Laboratory (FNAL)

CRYOMODULE
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 CM Development Plan & Schedule

PIP-II
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Cryomodule Development Plan

Design validation performed using prototype CMs

(retire or mitigate major technical risks, including

HWR _ transportation for 650 MHz CMs)
\A’erformance validated
—| SSR1-1,2
SSR1-0
(prototype)
\A’ esting in progress
5 | SSR20 |} ggRo.q1.7
(prototype)
» HB650-1...4
: HB650-0
--p| (prototype)
Procurements in progress| LB650_O
- (prototype) —» |.B650-1...9
PIP-II
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LB & HB650 CM Schedules — PreProd / Proto Stage

15

Task Name v

4 HB650 Proto CM
Dressed Cavity qualification
String Assembly
CM Assembly
HB650 Proto CM Assembled
Cold RF Testing
CM Tested
Transportation to/from UKRI
Cold RF Minimum Acceptance Testing
CM Min. Tested After Transport
Cold RF Extended Testing
CM Ext. Tested After Transport

HB650 Production CM FDR

4 LB650 PreProd CM
CM Design PDR
CM Design FDR
Dressed Cavity qualification
String Assembly
CM Assembly
LB650 PreProd CM Assembled
Cold RF Testing
CM Tested
Transportation to FNAL
Cold RF Testing
CM Tested After Transport
LB650 Production CM FDR

8-Mar-2021

2021 2022 2023 2024 2025
Qi Q2 Q3 Q4 Qi Q2 Q3 o2} Qi Q2 Q3 o2} Qi Q2 Q3 Q4 Q1 Q2 Q3
| 1
__-|
|
1
(
)__q
'y¢- HB650 Proto CM Assembled
CM Tested
b
CM Min. Tested After Transport
CM Ext. Tested After Transport
HB650 Production CM FDR
i 1
CM Design PDR

it

> qCM Design FDR

> I—
LB650 PreProcl CM Assembled

CM Tested

%CM Tested After Transport
LB650 Production CM FDR

S.K. Chandrasekaran | Introduction | 650 MHz LB CM PreProd PDR
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Outline

* Requirements & Acceptance Flow-down

PIP-II
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LB650 Dre-PrOd CM RQQUirementS PIP-Il GRD Slide Courtesy A. Rowe
and Acceptance Flow-down 1222
[
| | |
Parameters | | RF System || SRF Cavity Par. || Beam Loss Controls Vacuum Misalignment Tol. | | Cryo Heat Load
PRD 10216 || PRD 10220 PRD 10221 PRD 10243 | | PRD 10225 | | PRD 10228 PRD 10231 PRD 8200
| | | |
| |
LB650 CM RF Coupler*
FRS 1830 FRS 3645
|
Master ICD LB650 CM
10433 TRS 9658
|
|
LB650 CM Cav, Coup, Tuner LB650 CM FNAL Cavities DAE Cavities INFN Cavities
ISD 7561 ISD 11092 Fab Spec 1254 | Fab Spec 11699 Fab Spec 11985 Fab Spec 11869
Acc Crit 11982 Acc Crit 13428 Acc Crit 11986 Acc Crit 11872

DAE Couplers
Fab Spec 11984
Acc Crit 11986

FNAL Couplers
— Fab Spec 5689
Acc Crit 11990

*RF Coupler FRS to be

combined with LB650 DAE Tuners

Fab Spec 11983

FNAL Tuners

Gl lFsis Z2h | Fab Spec 11989
Acc Crit 11979 Acc Crit 11986
PIP-II
AV, V,V,V, V2
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Outline

« Dressed Cavity Status

PIP-II
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LBG50 Dressed Cavity

Coupler « Jacketed cavity + coupler + tuner

Separate Design Review cycle than CM
— Driven by time needed for development

LB650 35 kW

HB650 50 kW
Stiffness (tuner+cavity)  >40 kN/mm

Slow tuner range & 200 kHz &
resolution <2 Hz/step

Piezo tuner range & 1.2 kHz &
resolution <0.5 Hz/step

‘_—-\B—"‘ _ Tuner
e

i | i e :

Q, 2.4 x 1010 Jacketed cavit Coupler & Tuner common
E._ 16.9 MV/m Y to LB650 & HB650
PIP-II
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LB650 Cavities €)' (CINFN £=Fermilab
» Prototype cavity validation ongoing o
— First prototype bare cavity INFN contribution arrived in May 2020 Q, 2.4 x 1010
— RF testing in progress E... 16.9MV/m
— Fermilab & VECC cavities being manufactured L T —

« MSU 644 MHz cavities tested, meet PIP-1l Q,, gradient specs

Q Ss. Eyee: $65-002

Q vs. E;e: S65-001
1E11 4
1E11 4
a
Q .
o s 0o D0oo g g . a o0oo :ngn[”nm zzzzz
L 00 o 0 0opg,
ﬂﬂﬁ‘iE:‘f‘..‘mﬂéiu:lD ~POong “"“- - .
Slbrg. i,
}=4 = o .
1E10 4 10 %
0 $65-001 (2/0) N-doped + 7um cold EP + 5 um 1.5 K 1E10 5
= S65-001 (2/0) N-doped + 7um cold EP + 5um 2 K C $65-002 (2/0) N-doped + 7 um cold EP 1.5 K
o $65-001 (2/0) N-doped + 7um cold EP 1.5 K ®  S65-002 (2/0) N-doped + 7 um cold EP 2 K
= S$65-001 (2/0) N-doped + 7um cold EP 2K $65-002 30 um EP + 10 um cold EP 1.5 K
L S = $65-002 30 um EP + 10 um cold EP 2 K
FRIB LB 644 cav. req. PIP-II LB 650 cav req.
PIP-II LB 650 cav. req. FRIB LB 644 cav req
1E9 VT T T T T T T T 1E9 -
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Accelerating Gradient [MV/m] Accelerating Gradient [MV/m] TOP PLATE #1-VIS3  CAVITY B61-E2-001  DATE 2021-02-04

: .,: /

B61-E7-001 on ANL P stand MSU cavities are directly scaled from PIP-1I LB650 cavity design.
Courtesy: Martina Martinello
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LB & HB650 Couplers @9 [€=] £ Fermilab

* Prototypes designed, procured, & tested = AV biss = 4.6 kV AV tias = 4.5 KV

e, sagse ) ias = 4.1
» Design optimization completed o, val 0 kw
— To be validated in HB650 proto-CM - f'—JG‘EfG'n
Rotatable, 1] i ?ﬁ!}ﬂ
Inner SS conductor, two Thermal ::t(;?,?:l;eld 5:::: L k 3 W C

sS bellows, coper plated Intercepts
p As prototyped ‘

m

5K

F-—

H: IGE50 399?2 | ‘ 7E_7 T! !rr
OHins torr 1589 ‘ 3 )
i = J—
20000
1000
Vacuum part, SS outer
conductor, coper plat
]
. . . e
Single Ceramic window @ J
10:00:00 11:00:00 12:90:00 13:00:00

1e@:
T2 = 16-JUL-2019 14:00:08.000

. . Outer SS conductor, SS T1 = 16-JUL-2019 10:00:00.000
Air cooling and ! —

HV bias

junction box Vacuum Vessel Flange | LB650 35 kW : /s @
HB650  50kwW  F=i#e

Waveguide -

"~ Coupler 2

Iz
'l 3K\ 3
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LB & HB650 Tuners

* Tuner design to be validated with 3=0.61 cavity in 2021
« Validation process started on 3=0.90 cavity in 2020

— RT & 2 K'tests

8
3

Stiffness (tuner+cavity) >40 kKN/mm % 649999
Slow tuner range & 200 kHz & %’649.9985-
resolution <2 Hz/step ~
Piezo tuner range & 12kHz & |
resolution <0.5 Hz/step o0
8000 Piozo Drive at30Vpp 07 i
| Transfer|
. function g
g Spec: S 04
£ >100 HZ Soof

1000

v

Frequency [Hz]

22 8-Mar-2021

0 50 100 150 200 250 300 350 400 450 500

01r

650

649.9995

Test at 2 K, at 650 MHz

. "‘ 1a;a1 »
Piezo Tuner inex| ‘
Response 20Hz/V

(2.4kHz at Vpp=120V)
|

y = - 1.9743e-05"x + 650

o
3]
T

ry=0.0495"x + 0.0013

'K=41 kN/mm

Stiffness

Leadscrew Displacement (mm)

4
—
~

Test at 2K, cold Iandlng

| y=0.00057124* + 650

650.06 T
Slow Tuner on

o =0.90 cavity i
-§‘650.02 F
=} N
§ 650 | E
o N
Y 64908 ™

649.96

649.94 v * g i

-250 -200 -150 -100
Ksteps

Cavity stiffness:

=0.90 cavity ~25 kN/mm
=0.92 cavity <5 kN/mm
=0.61 cavity <5 kN/mm

S.K. Chandrasekaran | Introduction | 650 MHz LB CM PreProd PDR
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Frequency [MHz]
? b4
© ©
g &

0.6Hz/steps
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